Materials

115
Three different mastics were prepared with 50/70 penetration grade bitumen and three 116 types of fillers: two natural types, a granite filler and a limestone filler, and a hydrated 117 lime filler. The mineralogical composition of the filler is the cause of the mechanical 118 bonding achieved by the filler-bitumen system, in addition to increasing the viscosity of 119 the bituminous mastic [23] .
121
Mineral dust was added in volumetric concentrations. To this aim, the maximum 122 volume of filler which can be added to thicken the binder film was determined by a 123 sedimentation test to ensure that the binder film coats every filler particle. A viscous 124 hydrocarbon fluid with lower viscosity than bitumen, such as kerosene, can be used to 125 facilitate settlement.
127
The critical concentration determined by the sedimentation test corresponds to a 128 dispersion of filler particles in the bitumen moving as freely as possible but in contact 129 with each other, that is, when applied stresses in the viscous deformation of the 130 continuous filler-bitumen medium are such that frictional resistance between particles is 131 at a minimum.
133
Such a particle arrangement is expected in the sediment obtained by simple settling of 134 filler dispersion in a fluid medium chemically related to bitumens, like kerosene. Ruiz
135
[16] proposes a simple sedimentation test to find the critical value which guarantees 136 mastic viscous behaviour. This test is known as "Sediment concentration", or most 137 commonly, "Critical concentration", [24] . Bressi et al. used an equation to determine 138 critical filler concentration based on Rigden voids and methylene blue value [25] .
140
In this study, critical concentration is calculated with the following equation:
141
(1) When filler is added to mixtures, bituminous mastic viscosity increases gradually with 151 increasing the volumetric concentration (Cv). In the case of asphalt bitumens, when Cv 152 > Cs, the biphasic system stops being viscous and an internal structure determining a net 153 non-Newtonian flow appears, which renders the mix stiff. The Cv/Cs concentrations used in this study are 0 (neat bitumen), 0.5, 1.0 and 1.25.
166 Table 1 shows the characteristics of the bitumens and table 2 shows the density of the 167 fillers, as well as the critical concentration, and the volumetric and mass concentrations. It can also be seen that the limestone particle size is quite large (some of the particles 188 are larger than 63 µm) and lime particles tend to lump despite the fact that the lime filler 189 is the most homogeneous in terms of particle size distribution. 190 191 3. Testing method 192 193 All the specimens of mastic were fabricated with the aforementioned bitumen and 194 fillers, mixing both materials uniformly before proceeding to the specimen moulding.
195
The mastic specimens were cylinders of 20 mm of diameter and around 40 mm in 196 height, Figure 2a . The type of the specimen is similar to that used by Molenaar et al. 197 although the dimensions are greater [30] . The asphalt binder was heated to 145-155ºC in 198 the oven, except when granite filler was used at the higher volumetric concentration, for 199 which it was necessary to increase the temperature by 30ºC due to its high viscosity.
200
Mastic mixtures were poured into the cylindrical moulds at 135-145°C, and after that 201 the moulds were vibrated for 30 seconds. Specimens were left to cool at room 202 temperature; after removing the specimens from the mould they were glued to a servo-203 hydraulic press in order to perform the tests, Figure 2b . EBADE test is a cyclic tension-compression test at controlled strain. Several strain 210 amplitudes in ascending order in stages of 5,000 loading cycles at a frequency of 10 Hz 211 are applied.
213
The strain amplitude applied in the first step is 7.6E-4, and every 5,000 cycles the strain 214 increases in 7.6E-4. This way the number of cycles and the strain amplitude are directly 215 related. The test finishes when the total failure of the specimen takes place.
217
Images taken during the performance of the test until failure of the specimen are 218 presented in Figure 3 as well as the appearance of the sample after having been tested. where σ (MPa) is the stress, F (N) is the applied load and S (mm 2 ) is the specimen cross 232 section.
234
Using the maximum stress and strain it is possible to obtain the complex modulus by 235 means of equation (4):
Due to the delay between stress and strain an ellipse is formed in the stress vs. strain plot.
247
The dissipated energy density is proportional to the area of the ellipse in the tension- where DED (J/m 3 ) is Dissipated Energy Density and σ i (MPa) and ε i are the n values of 254 stress and strain obtained during a cycle.
256
Given the characteristics of the test, it is possible to obtain the strain at which the material 257 is completely broken, failure strain. Specifically, the typical shape of the curves of In this case, the test was performed at three different temperatures, 20, 10 and 0°C, in 269 order to evaluate the behaviour of different mastics under different conditions. At low
temperatures, mastics can show a more fragile response than at room temperature and 271 therefore, be more critical for the fatigue resistance. It is interesting to note that EBADE 272 test was used previously to analyze the fatigue response of different types of bitumen The variation in the stiffness modulus and failure strain with the volumetric 302 concentration used with each filler for the three test temperatures is plotted in figures 7 303 and 8. In general, if the volumetric concentration does not exceed the critical concentration, the 326 addition of appropriate filler causes a moderate decrease in failure strain, but also a 327 significant increase in the stiffness modulus. This improves the fatigue response of the 328 mixture.
330
As was shown in Figure 1 , maximum particle size of lime is lower than those of 331 limestone and granite. The effect of this variable on the mastic behaviour could have as an extender of bitumen; although this hypothesis should be analysed in greater detail 335 in order to confirm this phenomenon.
336
If the variation of these parameters, i.e. stiffness modulus and failure strain, is 337 represented based on the filler/bitumen ratio by mass, Figures 9 and 10 , some 338 differential aspects can be observed. The modulus increases with the mass of filler; the 339 variation for granite and limestone is very similar, in such a way that for the same f/b 340 ratio, the stiffness modulus is almost the same for both fillers. In contrast, a rapid 341 stiffening (modulus increase) of the mastic prepared with lime is observed with 342 relatively small amounts of this filler, as Figure 9 shows.
344
Moreover, the analysis of variation in failure strain with the filler/bitumen ratio by mass 345 shows again the difference in behaviour between lime and the other two fillers since the 346 failure strain decreases rapidly with increasing the mass of lime, Figure 10 .
347
Additionally, although the stiffness modulus of the limestone and granite fillers is very 348 similar, now it is observed that the failure strain of granite is much lower than that of 349 limestone.
351
Extrapolation of the lime curves shows that it would be almost impossible to 352 manufacture mastics with the filler/bitumen ratios by mass specified in Spain (between 353 0.9 and 1.2 for AC mixtures), and that even at lower ratios the mastic would be very 354 stiff and undergo a brittle fracture, leading to a totally inappropriate behaviour. For the limestone filler, Figure 11a , the curves obtained at different temperatures and 382 concentrations tend to overlap. The stiffness variation produced when increasing the 383 filler content in the mastic shows a similar slope as that produced by the temperature 384 decrease, although this does not mean that the variations are equivalent.
386
In the case of the lime filler, Figure 11b , the curves for each concentration tend to Figure 12 shows the curves corresponding to the concentrations of the three fillers at the 397 same test temperature, i.e. 0ºC. All the curves tend to converge at the point representing 398 the neat bitumen with decreasing volumetric concentration of filler in the mastic.
399
Furthermore, the decrease in failure strain with increasing stiffness modulus is more 400 pronounced for the lime and granite fillers. The latter performs worse since, at a given 401 concentration of filler, the decrease in strain and increase in modulus are much more 402 significant. The limestone filler has the best performance since the slope of the 403 modulus-strain curve is smaller; that is, for the same increase in modulus the failure 404 strain remains high. 
Conclusions
411
This study investigates the effect of filler type and content on the fatigue behaviour of 412 mastic at different temperatures (20, 10 and 0°C) by EBADE test. Three different 413 mastics prepared with conventional 50/70 penetration grade bitumen and three types of 414 fillers (two natural types, a granite and a limestone filler, and a hydrated lime) were 415 analysed at different volumetric concentrations.
417
The following conclusions can be drawn from the obtained results: 418 419 -An increase in the volumetric concentration of filler in the mastic results in increased 420 stiffness modulus and decreased failure strain, especially at lower temperatures, with the 421 granite filler showing the highest variations. Granite has an average particle size and a 422 clearly different particle shape.
423 424 -For the same volume ratios Cv/Cs, the limestone and lime fillers have similar ductility 425 at all test temperatures. However, considering their mass proportions, a smaller amount decrease in strain occur at a much lower filler/bitumen ratio by mass.
428 429 -The modulus-strain curve of the limestone filler has the smallest slope, meaning that 430 this filler has the best fatigue behaviour. That is, the failure strain of limestone remains 431 high for the same increase in stiffness. Granite stiffens the mastic excessively, and a 432 content increase results in a significantly lower failure strain, especially at low 433 temperatures; reason why it could be recommendable to limit the amount of granite to 434 be used in the mixture. On the other hand, lime has the lowest stiffness modulus despite 435 exhibiting a high failure strain. 436 437 438
